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Abstract In this study, surface modification of titanium oxide nanocrystals has been considered. PEG was
employed tomake bio-conjugated TiO2 nanopowders (TNPs). On the basis of themodification process, the
effect of PEG on the size and morphology of prepared samples has been evaluated. It was found that the
addition stage of PEG plays a critical role in the characteristics of TiO2 nanopowders. It was shown that
PEG affects sol–gel reactions and the crystallization process of the prepared titanium oxide nanoparticles.
PEG must be added before starting the synthesis to get well-defined size distribution, compared to post-
synthesis. However, TiO2/PEGnanoparticles synthesized by the second approach have good photocatalytic
performance, and the photodecomposition test ofmethylene blue proves that the addition of PEG after the
synthesis of TiO2 improves thephotocatalytic properties of prepared TiO2 nanoparticles. This phenomenon
will affect TiO2 functionality, as well.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Titanium dioxide is a most important semiconducting ma-
terial, which during the last two decades has attracted much
attention, due to its potential applications. It has been used
as an optical [1] and dielectric material in transistor technol-
ogy [2,3]. The nanocrystalline powder of this material is a most
promising candidate for use in solar cells [4], imaging and nan-
otherapeutics [5], gas sensors [6] and photocatalysts [7]. TiO2
has three different polymorphic forms of which anatase, in
particular, is its most promising polymorph for photocatalytic
applications [7,8]. Over the last several years, a demand for
anatase-phase TiO2 nanoparticles has evolved [9]. This poly-
morph of TiO2 nanoparticles (TNPs) is pervasive in the cosmet-
ics industry, used especially for sun protection in sunscreens
and skin care products. Some reports have questioned the safety
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Tyner et al. [12] have shown that smaller, coated, and more
dispersed TNPs were demonstrated to have superior UV atten-
uation, owing to enhanced UV absorbance/scattering. The UV
attenuation of non-agglomerated systems is greater than that
of highly agglomerated ones. It is shown that the stability of
the particle itself is to be considered as the main feature of
sunscreen attenuation. On the other hand, the surface modi-
fication of TiO2 nanoparticles leads to an improvement in UV
attenuation in comparison with uncoated particles. Even in un-
coated particles, however, the skin barrier integrity model was
not affected, either by the size of the particle or by UV dam-
age. Tyner et al. [12] have explained that concerns related to
dermally applied nano-sized titanium oxide appear to be pri-
marily due to product quality and its adequate characterization,
rather than to safety considerations. In addition, TNPs are em-
ployed for other biological applications, such as imaging, drug
delivery, and medical diagnostics [13]. It is found that the char-
acteristics of titania nanoparticles are often evaluated by their
primary sizes and the biological effects of TiO2 NPs, which also
depend on the aggregate size of the NPs in various biological
fluids [14]. These evaluations become insufficient when the bi-
ological effects of TiO2 NPs are discussed. Dynamic light scat-
tering experimental results have shown that the aggregation of
TNPs in body fluids would be expected in the absence of spe-
cial modifications [15]. For example, the average diameter of
Degussa P25, measured by dynamic light scattering, was 542
nm in de-ionized water and 3500 nm in Dulbecco’s Modified
evier B.V. Open access under CC BY-NC-ND license.
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imately 26 nm [16]. Recently, we have prepared TiO2 nanopar-
ticles with excellent photocatalytic properties [17–19]. Due to
the excellent properties of prepared TNPs, we are interested
in studying the biological applications and functionalization of
prepared titanium oxide nanoparticles by biocompatible poly-
mer. Polyethylene glycol (PEG) is a polymeric material that can
be used for the functionalization of the TiO2 surface. Ethylene
oxide was known as repeating units in Poly(ethylene glycol)
(PEG) polymer. From a clinical point of view, PEG has an ex-
cellent safety record and has been widely used in biotechnol-
ogy and medicine. Its many peculiar properties, including good
solubility in a wide range of organic and aqueous media, poly-
mer backbone flexibility, stability in physiological conditions,
non-adhesiveness to protein, biocompatibility and the ease of
excretion from living organisms, have led to a variety of appli-
cations [20]. Drug delivery and biosensing are considered the
most common applications of PEG in which the modification
of the biological macromolecules, colloidal carriers, lowmolec-
ular weight compounds and device surfaces was done by PEG
[21,22]. In this work, we have tried to evaluate the functional-
ization of TiO2 nanocrystals by PEG. In order to evaluate the PEG
effects on the TiO2 nanocrystals, two different processes have
been used. In the first method, the TiO2 nanocrystals were pre-
pared and then mixed with the PEG solution, while in the sec-
ond method, PEG is added to the titanium isopropoxide (TTIP)
solution, and TiO2 nanocrystals are then prepared using a col-
loidal technique in the presence of PEG.
2. Experiment
The sol–gel process is one of the most common synthesis
methods at laboratory scale, and, therefore, was selected for
the synthesis of titanium oxide nanopowders. In this work,
hydrolysis and precursor solutions were prepared separately,
in order to control the hydrolysis and condensation processes,
as well as to control the colloidal particle size. Hydrolysis
solution contains 245 ml water and 5 ml propanol, and
the pH medium was adjusted by adding several drops of
nitric acid as the hydrolysis catalyst. 15 ml propanol and 5
ml titanium isopropoxide (TTIP) were mixed to prepare the
precursor solution. The hydrolysis solution, which was heated
to 60–80 °C under vigorous stirring, was treated by adding
drop by drop of the precursor solution. This condition was
held until the sol–gel reactions were ended. Depending on the
preparation conditions, the transparent sol should be obtained.
In order to investigate the effect of PEG in the preparation
of TiO2 nanopowders, 4 ml PEG (n = 10) was added after
the formation of TNPs. In another approach, PEG was added
to the precursor solution, and before the sol–gel reaction
had started. The prepared precipitants were washed several
times with ethanol and dried for 12 h at 100 °C. Finally, a
yellow-white powder was obtained and annealed. The size and
morphology of PEG surface modified TiO2 nanopowders have
been characterized by TEM and XRD. TEM is used for analysis
of the size and morphology of prepared samples. To prepare a
sample for TEM, the powder was sonicated in chloroform for
30 min, and a drop of the resulting suspension was placed on a
carbon grid. A Fourier-transformed infrared spectrophotometer
(Perkin Elmer spectrum GX, USA) in diffused reflectance mode,
at 4000–400 cm−1, with KBr as blank, was used to record the
FTIR spectra. TiO2 powder was mixed with KBr and then the
powder mixture was pelletized to a thin disk with a high-
pressure pelletizer (Carver). The XRD pattern was obtainedFigure 1: (a) X-ray diffraction patterns of TiO2 nanocrystals. (a) M1: dried
precipitated sample; M2: dried suspension sample, and P25: commercial TiO2;
(b) absorption spectra of MB degradation reaction by colloidal TiO2 at different
UV-exposure times.
via the Bruker D8 Advance, using the CuKα radiation source
(λ = 0.154 nm) over the 2θ range of 10–60 degrees, to
identify crystallization of TiO2 nanopowders. A photocatalytic
degradation test was performed by degradation of methylene
blue under ultraviolet (UV) irradiation. 0.05 g of TiO2 powder
was mixed with 10 ml of a 30 µM methylene blue aqueous
solution for the photocatalytic activity tests. The mixture was
placed on a magnetic stir plate with continuous stirring, and
illuminated with UV light (wavelength 365 nm) located 10 cm
above. After a period of UV irradiation, the decreasing of
methylene blue concentration was measured from changes in
absorption intensity, by UV-vis spectrometer (Perkin Elmer),
which was reflected onto the photocatalytic activity.
3. Results and discussion
TiO2 is a semiconductingmaterial and its characteristics like
phase composition, particle size, morphology, aggregation, spe-
cific surface area, pore size distribution, anddefect centers, have
a critical role to play in specific application of this material. All
cited characteristics are directly dependent on the method of
synthesis and surface functionalization. In order to study the
effects of PEG addition on the size and morphology of TiO2
nanocrystals prepared by the novel sol–gel technique, differ-
ent characterization processes have been applied. Figure 1(a)
and (b) show the X-ray diffraction pattern and photocatalytic
properties of TiO2 nanoparticles prepared without PEG. It was
found that the crystalline size of anatase (<10 nm) can be de-
rived by a colloidal technique at 70 °C for 20min. In Figure 1(b),
the absorption spectra of Methylene Blue (MB) degradation
reaction by TiO2 nanocrystals at different UV-exposure times
have been illustrated. The X-ray diffraction pattern of TiO2/PEG
nanopowders was shown in Figure 2. As can be realized from
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Figure 3: Absorption spectra of MB degradation reaction by colloidal TiO2/PEG
at different UV-exposure times.
this figure, anatase is the crystalline phase of the obtained ma-
terial. In Figure 3, the absorption spectra of Methylene Blue
(MB) degradation reaction by TiO2/PEG nanoparticles, at differ-
ent UV-exposure times, have been illustrated. It could be noted
that the absorption of methylene blue decreases (mineralized)
with an increase in irradiation time by UV light, and also highly
depends on experimental conditions [19]. In order to have a
baseline for determination of MB concentration after irradia-
tion, in the presence of TiO2 nanocrystals, we have recorded the
absorbance of MB solutions into stabilized experimental condi-
tions without any photocatalytic material. The relationship be-
tween absorbance andMBconcentrationwas shown in Figure 3.
The Beer–Lambert law is significant to determine the changes
in MB concentrations, because the absorbance (A) that we ob-
tained from the UV-vis spectrometer is directly proportional to
MB concentration, as shown below:
A = εbc, (1)
where ε is molar absorbtivity with units of Lmol−1 cm−1, b
is the path length of the sample and c is the concentration of
the compound in solution, expressed in mol L−1. According to
Eq. (1), the average absorbtivity obtained for MB was 2.3 ×
106 Lmol−1 cm−1. The photodegradation reaction rate constant,
k, in this approach, was gained after power law equation fitness.
Jiang and Wang [23] used a zero order reaction, which is most
suitable for describing the change of MB concentration:
− dc/dt = k, (2)where k is the reaction rate constant. By integrating Eq. (2), it
becomes:
Ln(Co/C) = kt, (3)
where Co is the initial concentration of the MB solution, and
C is the MB solution concentration at that time. In order to
evaluate the effect of PEG on the photocatalytic properties of
TiO2 nanocrystals, the rate constant was further determined
by the slope of the plot of ln(Co/C) versus time, as shown
in the inset of Figure 3. If the reaction rate for the case
of the best photocatalytic performance was taken as 100%,
the photocatalytic performance was degraded to 73% for
TiO2 nanocrystals without PEG. Besides, the photocatalytic
performance dropped to 55% for the sample to which PEG
was added before synthesis of TiO2. TiO2/PEG nanoparticles
synthesized by the second approach have good photocatalytic
performance, and the photodecomposition test of methylene
blue proves that the addition of PEG after synthesis of TiO2
has improved the photocatalytic properties of prepared TiO2
nanoparticles. The photodecomposition test of methylene blue
has shown that the prepared TiO2/PEG nanoparticles have good
photocatalytic properties. The reported results suggest that PEG
modified titanium dioxide synthesized by our sol–gel process
may be a viable material for use in the photocatalysis process.
Figure 4 shows the TEM images of TiO2/PEG composites that
were prepared by two different procedures. TEM images also
demonstrated that the structure and morphology of TiO2/PEG
composites depend strongly on experimental procedure. The
nanoparticles in Figure 4(a) show an even wider distribution
of size; particles were almost entirely composed of small sizes
(less than 10 nm). It is observed that the nanoparticles in
Figure 4(b) are not well distributed compared to Figure 4(a).
The experimental results showed that the size andmorphology
of prepared samples can be controlled by PEG. FTIR spectra
of the as-prepared TiO2 nanocrystals and TiO2/PEG composites
are shown in Figure 5. The peaks located near 3346 and
1630 cm−1 in all samples were due to stretching and bending
vibrations of OH. The bands at 2877, 1455, and 1384.8 cm−1
correspond to C–H vibrations, while the bands centered at
1107.7 and 1247 cm−1 originate in the C–O–C bonds of PEG.
The broad peak at 1107.7 cm−1 is due to ether linkage. The
most significant vibrational bands appearing around 830 and
647 cm−1 correspond to TiO2 modes in the anatase phase [24].
Manorama et al. [25] described that the capping of titania with
PEG was confirmed by the features mentioned above. Thermo-
Gravimetric Analysis (TGA)was performed to study the thermal
behavior of prepared samples (Figure 6). The TG curves for
both TiO2 and TiO2/PEG show weight loss in two different
ranges. The first weight loss was observed between 25 °C and
225 °C for TiO2, and the second weight loss was recorded in a
temperature range from 300 °C to 350 °C for TiO2/PEG. The total
normal weight loss (∼22%) of as prepared TiO2 nanocrystals is
lower than that of TiO2/PEG nanopowders (∼35%) after thermal
behavior characterization. The recorded weight loss could be
attributed to the evaporation of absorbed water and ethanol
in the titania nanopowders. In the TiO2/PEG hybrid material,
the reason could be attributed to the decreased relative mass
ratio of organic composition. Certainly, the results of TG analysis
suggest that the decomposition of PEG is started at 300 °C.
It has been realized that PEG addition has a considerable
effect on the morphology and size distribution of the obtained
material. When PEGwas added at the initial stage of the sol–gel
synthesis process, TiO2 nanocrystals had the same shape and
morphology as the non PEG synthesized sample. However, the
S. Rahim et al. / Scientia Iranica, Transactions F: Nanotechnology 19 (2012) 948–953 951Figure 4: TEM images. (a) Added PEG before TiO2 synthesis; and (b) added PEG after TiO2 synthesis.Figure 5: IR spectra of prepared TiO2 nanocrystals: (a) without PEG; (b) added PEG after synthesis of TiO2 , and (c) added PEG before synthesis of TiO2 .addition of PEG at the end of the sol–gel reaction provides
a spherical shape, and wide size distribution was resulted.
This is due to the chemical activity of PEG. It is well known
that PEG has ether oxygen in its chain, and can interact with
metal ions at the molecular level [26]. Therefore, PEG can
play a very important role in the formation and evolution of
the nanostructure TiO2, for its effects on the hydrolysis and
polycondensation reactions of sol–gel process and therefore
the crystallization of TiO2 nanocrystals [27]. It is known that
PEG molecules adsorb exothermically onto TiO2 oligomers by
forming hydrogen bonds between oxygen atoms in the PEG
and hydroxyl groups on the TiO2 oligomers [28]. Yu et al. [28]
described that the addition of PEG plays an important role in
the mechanism of TiO2 nanocrystals formation. It should be
noted that the concentration of PEG and PEG/(water+propanol)
ratios are very important for controlling the size and shape of
the obtained material. In Figure 7, TEM images of two samples
that have been synthesized at different concentration ratios
(Table 1) were shown, and the size of some selected particles
has been marked inside the images. It can easily be found that
the shape of the prepared sample is highly affected by the
concentration ratio of starting materials. In sample Ti-b, theTable 1: Concentration of startingmaterials for preparation of twodifferent












Ti-a 5 15 2.50 97.5 2
Ti-b 5 15 250 10 2
concentration of PEG is lower than the concentration used in
our last approach. Therefore, the particles have bigger sizes.
4. Conclusions
It was shown that PEG affects the sol–gel reaction and
crystallization process of prepared TiO2 nanoparticles. PEG
must be added before starting synthesis to getwell-defined size
distribution, because PEG, as a nonionic surfactant, will affect
TiO2 formation. However, TiO2/PEG nanoparticles synthesized
by the second approach have good photocatalytic performance,
and the photodecomposition test ofmethylene blue proves that
952 S. Rahim et al. / Scientia Iranica, Transactions F: Nanotechnology 19 (2012) 948–953Figure 6: TGA curves: (a) added PEG before synthesis of TiO2 , (b) added PEG
after synthesis of TiO2 , and (c) without PEG.
Figure 7: TEM images. (a) TiO2 synthesized by different concentration ratio of
water/propanol; and (b) TiO2 synthesized by different concentrations of PEG.
the addition of PEG after the synthesis of TiO2 improves the
photocatalytic properties of prepared TiO2 nanoparticles. This
phenomenon will affect TiO2 functionality as well.
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